Cu NMR Evidence for Enhanced Antiferromagnetic Correlations around Zn 

Impurities in YBa2Cu306.7 

M.-H. Julien^^^ T. Feher^'^, M. Horvatic\ C. Berthier^^^^ q Bakharev^^'*, P. Segransan^, 

G. Collin^ and J.-F. Mamcco^ 
^Grenoble High Magnetic Field Laboratory, CNRS and MPI-FKF, BP 166, F-38042 Grenoble Cedex 9, France 
^ Laboratoire de Spectrometrie Physique, Universite J. Fourier, BP 87, F-38402 St. Martin d'Heres, France 
'^Physics Institute, Technical University of Budapest, H-1521, FOB. 91, Budapest, Hungary 
"^Magnetic Resonance Laboratory, Kazan State University, 420008 Kazan, Russia 
^ Laboratoire Leon Brillouin, Centre d'Etudes de Saclay, CEA-CNRS, 91191 Gif sur Yvette, France 
^ Laboratoire des Composes non Stoechiometriques, Universite Paris-Sud, 91405 Orsay, France 

(February 1, 2008) 

Doping the high-Tc superconductor YBa2Cu306.7 with 1.5 % of non-magnetic Zn impurities in 
CuOg planes is shown to produce a considerable broadening of ®^Cu NMR spectra, as well as an 
increase of low-energy magnetic fluctuations detected in ^^Cu spin-lattice relaxation measurements. 
A model-independent analysis demonstrates that these effects are due to the development of stag- 
gered magnetic moments on many Cu sites around each Zn and that the Zn-induced moment in 
the bulk susceptibility might be explained by this staggered magnetization. Several implications of 
these enhanced antiferromagnetic correlations are discussed. 

PACS numbers; 76.60.-k, 74. 25. Ha, 74.62. Dh 



The precise nature of antiferromagnetic (AF) corre- 
lations and how they influence electronic properties are 
the most puzzling aspects of high-Tc cuprate supercon- 
ductors. A piece of this puzzle is the substitution of Cu^+ 
ions {S—l/2) by dilute impurities, such as Zn, which is 
known to suppress spectacularly Tc (about 20 K/% of 
Zn in the underdoped regime), and to localize charges 
The most dramatic effects of Zn doping concern 
the magnetism of Cu02 planes ||^: although Zn is non- 
magnetic, the observation of specific EPR and NMR res- 
onances have shown that the Curie term in the bulk sus- 
ceptibility of Zn-doped samples |^ is due to a magnetic 
moment induced on Cu sites around Zn [0-0. Further- 
more, the broadening of ^'^Cu |||,^ and ^'O NMR lines 
pO{ reveals a distribution of moment magnitudes, which 
has been attributed to a spatially inhomogeneous spin 
polarization extending over several lattice sites around 
Zn. Both the symmetric character and the tempera- 
ture (T) dependence of the line broadening can be ac- 
counted for by staggered spin density oscillations, as ex- 
pected from the AF character of magnetic correlations 
^, P^|Jll}| . Zn-doping also has drastic effects on spin dy- 
namics: low-energy AF fluctuations probed by neutron 
scattering are enhanced |l^ , [l^ , and spin- freezing even- 
tually occurs [l^ir^] . From a general point of view, such 
clear manifestations of Cu^+ moments recall that metal- 
lic cuprates are primarily doped antiferromagnets. Nev- 
ertheless, a clear understanding of these effects, particu- 
larly the origin of the magnetic moment, remains elusive. 

Here, we report on a ^^Cu NMR study of 
YBa2(Cuo.99Zno. 01)306. 7- By exploiting the peculiar- 
ities of hyperfine interactions for Cu nuclei in Cu02 
planes, these measurements provide a model-independent 
demonstration that the local magnetization becomes 



staggered around Zn impurities. The uncompensated 
sum of the staggered moments is found to be of the same 
order of magnitude as the moment detected in bulk mea- 
surements. Additional low-energy spin fluctuations from 
these staggered regions are identified within the pseu- 
dogap through measurements of the nuclear spin-lattice 
relaxation rate (l/Ti). The physical picture implied by 
these results is that AF correlations are enhanced, not 
destroyed, around impurities. 

The measurements were performed on a single crystal 
of YBa2(Cuo.99Zno.oi)306.7 of -400 mg weight. SQUID 
measurements have shown that rc=38 K, but it is re- 
duced to ~20 K or less in magnetic fields (H) of 12-15 T 
used here. The Tc value is in agreement with published 
data (I for 1% Zn/Cu {i.e. 1.5% Zn/Cu(2)). 

Fig. 1(c) shows typical ^'^Cu NMR spectra for H\\c- 
axis. Each spectrum consists of two broad lines, as- 
sociated with the plane site Cu(2) and the chain sites 
Cu(l) (the various inequivalent Cu(l) sites are not re- 
solved here). Spectra in Fig. l(a,b) are obtained with a 
differential spin-echo pulse sequence designed to suppress 
the Cu(l) signal, which has longer spin-lattice (Ti) and 
spin-spin (T2) relaxation times than Cu(2). The Cu(l) 
signal is not totally suppressed, but the mixing with the 
Cu(2) signal is largely reduced, allowing direct fits of the 
Cu(2) lineshape. In Fig.l, the amplitudes at the center 
of the Cu(2) line are normalized to a common value for 
all temperatures. This makes very apparent the huge 
broadening of the Cu(2) line as T is reduced. On the 
other hand, the width of the Cu(l) line is almost T- 
independent. This shows that Zn substitutes only the 
planar Cu site, not the chain site. 

Zn-induced magnetic broadening NMR spectra (al- 
ready reported for ^'^Cu in ^,^) indicates a distribu- 
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FIG. 1. (a) Normalized field swept ®''Cu(2) spectra with -?/||c, the Cu(l) signal being suppressed by a differential spin-echo 
sequence, (b) ^^Cu(2) spectra obtained by the same method, but H\\ab. (c) ^"^Cu spectra for H\\c without the differential 
sequence (T=26, 49, 83, 156, 203 and 285 K); the line shows the ^^Cu(l) signal; intensities are normalized at the Cu(2) peak 
position, (d) Fit of a ®^Cu(2) spectrum using the T function explained in the text, (e) Width at half maximum of the ^3Cu(2) 
spectra from plots (a,b). (f) Circles: total magnetization per Zn carried by staggered moments (see text). Line: magnetization 
for an effective moment Poff=lMs 12.2 T. (g) Schematic drawing of staggered moments (arrows), induced on a characteristic 
length around a single Zn impurity (circle). The size of each arrow represents the value of the moment. 



tion of hyperfine fields hi. The NMR spectrum simply 
corresponds to the histogram of this distribution. For 
H\\a=c,ab, in the paramagnetic phase, hi at a site (rj) 
comes from an orbital term, which is T-independent, plus 
a spin term due to an anisotropic coupUng (yl™'''*°) to 
the on-site Cu^^ moment and to an isotropic transferred 
coupling {B) to the four Cu'^+ first neighbors (e) p^ : 

h, = /zorb + AT^'^si) + bY, {Sl+^) (1) 

£=1..4 

The spin component can be expressed in q-space as: 

where A„(-g*) = + 2Bcos{q^a) + 2Bcos{qyb). A 

well-estabhshed NMR result in YBa2Cu306+2; (YBCO) 
is that Aciq = 0) = ^on^ito ^ .^^j^j^^j^ means 

that /i^'"" ~ when the time averaged spin polar- 
ization is uniform in space, while Ac is maximum for 
if = Q j^p = (tt/o, 7r/a). The huge, T-dependent, distri- 
bution of hi observed here is thus a clear indication that 
the local magnetization is spatially strongly modulated 
{SD ^ [S]^'^). Since it has to be so on the length of one 
lattice spacing, any non-microscopic modulation, such as 
induced by doping inhomogeneities, is ruled out. In addi- 
tion, since and B have opposite signs, large values 
of hi are obtained when {SI.) and {S'^.^'^) have opposite 
signs, i.e. if the magnetization is staggered. 

Further confirmation comes from measurements with 
_ff ||a6-plane. In this orientation, the ^^Cu(2) NMR spec- 
trum also broadens on cooling, but, unexpectedly, its 



width becomes less than for H\\c by a factor 2.6±0.2 
at low-T (Fig. le). Since the ratio Ac{q)/Aab{q) is close 
to 2.6 in the vicinity of j^p, this confirms without any 
detailed model that the staggered component of the mag- 
netization is dominant. 

This conclusion can be checked quantitatively by com- 
puter simulations of the lineshape according to the fol- 
lowing model (see also [p|, p^|jll| ] ) . Any locahzed mag- 
netic perturbation at a site is expected to polar- 
ize surrounding electrons with a magnitude deter- 
mined by the real-space spin susceptibility x'{fi ~ ''imp) 
0. This latter is the Fourier transform (FT) of the 
real part of x{1)^ which in underdoped YBCO is well- 
known to be peaked at, or near, Qaf a conse- 
quence of AF correlations. Around a single impurity, 
the spin polarization at a site is given by /i^'''" — 
j!^J2g)^{Q)A{q)exp[i~q'.{rt - 'r'imp)], in which we con- 
strain l^qX'i^) = to impose the absence of moment 
at the Zn site, and X=x' {Q af)VcS , where Ves stands for 
the local effective perturbating potential. Assuming that 
the response to the randomly distributed impurities are 
additive, the local field distribution in the plane /i^^'" 
is just given by the FT of Xx' {q)T^{q)A{q), where X'(q) 
is the inverse FT of a random distribution of impurity 
sites imp^i'^ ^ ^imp), taken on a 256x256 lattice. 
The histogram of the /i^^'" convoluted with an intrinsic 
linewidth, which is small compared to the broadening, 
gives the NMR lineshape. 

Three different models for x'il) have been con- 
sidered: a commensurate Lorentzian C{^, q) — 
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1/(1 + e{-<t - ^ af) )^ ^ commensurate Gaussian 

^(Ci 9)=exp[— ^^("q^ — ^^^)^/2], and a four peaks in- 
commensurate function 5, 5) corresponding to the 
functional form used to model recent neutron data in 
YBasCugOe.e H- Spectra for H\\c and 25 K<r<135 K 
were first fitted using a non linear procedure letting free 
A and ^. For both C and Q functions, the best fits are 
obtained for ^/a ~2.5 - 4. Using the values of A and f 
obtained from these fits, and (7c/ffa&=l-15 ]l9| , one re- 
produces the observed anisotropy (^2.6) for the low-T 
linewidth The function X{^,S,q) gives similar re- 

sults. If S is also set as a fitting parameter, the best fit is 
obtained for i5=0.26±0.01 r.l.u. and ^/a=5±l, indepen- 
dent of T within error bars in the range 25 K<T<80 K. 
Note that a roughly T-independent ^ is not unexpected 
below ^^120 K |21|], so our results do not conflict with the 
variation of ^ inferred at higher T ||l^,|ll[ . 

The remarkable agreement between the above values 
and neutron data ||l2|,^ demonstrates that the essen- 
tial features of the response to Zn doping are included 
in the model (note that slight differences in lineshapes 
are obtained with C, Q and X functions, but they are not 
sufficient to favor one model) . It also gives us confidence 
that the obtained A values are reasonable. This allows for 
the first time to estimate the total magnetization carried 
by the staggered response: mtot = X]i('S'z)- Although 
one might naively expect mtot ^ for a staggered mag- 
netization, not only mtot is nonzero, but it is compara- 
ble to the bulk magnetization Mbuik = P^f^H /iksT with 
Pcff = lyUs ||], in the case of C and I functions (Fig 
If). The Q function, which is less likely |P, p^ , pT| , gives 
about three times smaller mtotj because the amplitude 
on the nearest neighbors (nn) of the impurity is smaller 
than that obtained with C{q) models. The accuracy of 
the comparison between mtot and Mbuik is further limited 
by several uncertainties: value of Mbuik, remaining Cu(l) 
signal, intensities possibly biased by inhomogeneous re- 
laxation times, as well as a possible deviation from the 
asymptotic model on the four nn. 

Despite these uncertainties, the results obtained with 
Lorentzian models of x{l) suggest that the bulk mag- 
netization [i.e. the "Zn-induced moment") may be ex- 
plained as the sum of staggered moments only. It is 
important to realize that this is conceptually different 
from an approach of Zn doping where the staggered re- 
sponse is attributed to the polarization of AF-correlated 
"band" electrons by a putative moment on the four Cu 
nn of a Zn. In our view, the staggered magnetization, 
which must occur in response to any kind of defect [ p2[ , 
naturally leads to such a large moment on nn. In other 
words, Zn only reveals already-existing moments, local- 
ized on Cu sites of the doped antiferromagnet (at least 
in the underdoped regime). 

As a matter of fact, it must be emphasized that 
the enhanced staggered magnetization makes clear that. 



counter-intuitively, AF correlations are not destroyed but 
enhanced by Zn. 

It is interesting to make a connection with recent 
studies of non-magnetic impurities in AF quantum spin 
chains. There, the staggered magnetization inferred from 
NMR is very well-explained by the same kind of model 
as used here, except for the appropriate x(g) Such 
enhancement of AF correlations has attracted consider- 
able theoretical interest because it was also shown to be 
a property of the "spin-liquid" ground state |^^. En- 
hanced moments around vacancies are also found in some 
approaches of the Heisenberg or t-J models in 2D [ p5[ . 
However, the Zn-induced staggered magnetization, seen 
at relatively high T in a paramagnetic state, is expected 
from the general arguments used above. So, it is not by 
itself an indication of spin-liquid ground state. 

It is natural to expect that staggered moments affect 
dynamical properties, at least locally. We have measured 
the ^^Cu spin-lattice relaxation rate (l/Ti), which is a 
probe of the dynamical susceptibility at low energy: 
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The recovery law of the nuclear magnetization Mz(t) 
following an inversion pulse was fitted with two contri- 
butions at all temperatures: a short component due to 
^■^Cu(2) nuclei and a longer one from ^^Cu(l). 

The T-dependence of (TiT)~^ is shown in Fig. 2, along 
with data from Ref. in Zn-free YBa2Cu3 06.63- Al- 
though similar in the range 300-150 K, the data show 
opposite trends below ~100 K: {TiT)~^ decreases with 
T in Zn-free YBCO, this is the well-known pseudogap be- 
haviour, while {TiT)~^ increases in YBCO with Zn, sig- 
naling an enhancement of x"{Qi^n)- Still, the plateau 
of (TiT)-! around 120 K for YBCO with Zn is strik- 
ingly reminiscent of the maximum at the characteristic 
temperature r*~140 K, which is commonly used to de- 
fine the pseudogap energy scale. Although some decrease 
of T* , as found in |^ , is not excluded by our data, the 
pseudogap (for AF excitations) appears to be filled-in by 
Zn-induced excitations, rather than destroyed. This is 
in perfect agreement with the neutron scattering data at 
q—Q plotted in the inset to Fig. 2 |l^ (see also |^). 
Most likely, the pseudogap remains intact far from Zn 
where the magnetization is small. Note that this find- 
ing is complementary to, but different from the fact that 
the decrease of x'(g=0,[x'=0) between 300 and 100 K is 
unaffected by Zn at sites far from Zn Again there 
is an analogy with recent work in ID: for example, the 
spin-gap of the Zn-doped ladder SrCu203 coexists with 
low-energy AF fluctuations We also mention that 

our Ti data are rather qualitative as they do not allow 
a quantitative analysis of Zn-induced ^^Ti contributions. 
However, a recent extraction of these contributions for 
Ni-doping led to conclusions similar to ours p8[|. 
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FIG. 2. ^^(Tir)-i data in in YBaalCuo.ggZno.oOsOe.T 
{H\\ab, left scale) and in YBa2Cu3 06.63 (^||c, right 
scale, from |^). Inset: neutron scattering data in 
YBa2(Cuo.9gZno. 02)306.7 from Ref. |l3|. 



A remaining puzzle is why the bulk susceptibility obeys 
a pure Curie law (x (T + 6')"\ 6* ~0) as if the mo- 
ments were not interacting, even at concentrations where 
the mean distance between impurities is much less than 
2^ the typical diameter of staggered areas. Most proba- 
bly, individual spins in a staggered area are locked to each 
other, so each area behaves as a single moment, but neg- 
ligible interaction between them is surprising. Actually, 
a pure Curie susceptibility is also found in the "cluster 
spin-glass" phase of La2-2:Sri,Cu04 |§9|, where staggered 
domains are thought to be encircled by doped- holes . 
We speculate that analogous hole segregation in regions 
of small staggered magnetization {i.e. far from Zn) may 
largely reduce interactions between " AF clusters" . This 
is consistent with the suppression of the superfluid den- 
sity in areas of characteristic length 2^ [|l]j32|. Even- 
tually, the tendency of doped holes to avoid AF regions 
around Zn, where their mobility would be reduced, could 
rationalize anomalous charge localization effects 0, in- 
cluding stripe pinning. Subsequent spin-freezing is ex- 
pected in most cases. 

Finally, we stress that the Zn-induced staggered mag- 
netization does not conflict with the possible presence 
of moments in impurity-free cuprates : there are evi- 
dently staggered moments at low hole doping . More- 
over, the decrease of Tc when AF correlations are en- 
hanced does not mean that antiferromagnetism and su- 
perconductivity are unrelated. Rather, the Zn-induced 
static character of AF correlations and/or randomness 
are presumably detrimental to high- Tc. 
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ments and H. AUoul, J. Bobroff, P. Mendels, A. Janossy, 
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ported by a Hungarian State Grant OTKA T029150. 
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